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Abstract 

Camphor  vapour  is  pyrolysed  in  the  presence  of  Fe,  Ni  and  Co  powder  under  a  dinitrogen  atmosphere  at  different  temperatures  (750- 
1050  °C).  While  Fe  and  Ni  catalyse  the  formation  of  carbon  nanotubes  (CNs),  Co  facilitates  carbon  nanobead  growth.  The  CNs,  obtained 
using  a  Fe  catalyst  at  950  °C,  are  utilised  as  the  anode  in  Li  secondary  batteries.  The  capacity  of  the  batteries  constructed  in  this  way  is  as 
good  as  those  prepared  by  graphitic  carbon  formed  in  the  arc  process.  ©  2002  Elsevier  Science  B.V.  All  rights  reserved. 
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1.  Introduction 

Lithium  secondary  batteries  are  the  only  commercially 
available  types  capable  of  producing  greater  than  3  V  per 
cell.  Optimisation  of  their  performance  is  therefore  desir¬ 
able,  especially  with  respect  to  the  anode  capacity.  Lithium 
metal  anodes,  used  in  conjunction  with  an  organic  electro¬ 
lyte,  result  in  non-uniform  formation  of  a  passive  film  on  the 
anode  surface  [1-3]  which  causes  dendritic  growth  of 
lithium  metal.  This  problem  is  tackled  by  utilising  the 
electrochemical  intercalation  of  lithium  in  carbon  [4],  which 
generates  a  considerable  negative  potential  close  to  that  of 
lithium,  but  which  is  less  reactive  and  easily  reversible.  The 
structural  characteristics  of  carbon  are  believed  to  be  the 
major  element  that  controls  the  performance  of  Li-ion 
batteries.  Thus  the  intercalation  of  Li-ion  with  carbon 
depends  upon  factors  such  as  the  preparative  history,  carbon 
precursor,  etc.  Till  date,  studies  have  focused  mainly  on 
Li-intercalation  into  graphitic  materials  [5].  The  stoichio¬ 
metric  limit,  Li-intercalation  (C/Li ),  of  372  mAh  g  1  has 
motivated  the  development  of  higher  capacity  anodes. 
Recently,  attention  has  been  drawn  to  disordered  carbon 
materials  [6],  which  may  store  Li  via  a  mechanism  which  is 
completely  different  from  that  associated  with  graphite.  It  is 
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believed  that  small  crystallite  size  and  random  crystallite 
orientation  may  increase  the  number  of  Li  ions  per  carbon 
atom.  Carbon  nanotubes  (CNs),  made  by  arc  discharge,  are 
highly  graphitised  due  to  the  3000-4000  °C  arc  temperature, 

1. e.  annealing  occurs.  Nevertheless,  CNs  prepared  by  a 
templating  method  are  very  defective  and  exhibit  a  large 
Li-ion  intercalation  capacity,  viz,  350-780  mAh  g  1  [7-12], 
The  plateau  potentials  exhibited  by  the  charge-discharge 
curves  for  these  non-graphitic  carbons  are  remote  from  0  V 
and  the  potentials  gradually  decrease  as  the  intercalated-Li 
content  increases  [13].  Ishihara  et  al.  [11]  studied  the  effect 
of  the  size  of  CNs  in  relation  to  capacity  performance  of 
Li-ion  batteries.  It  was  found  that  the  maximum  reversible 
capacity  was  obtained  with  a  graphite  tube  of  40  m2  g~ 1 
surface  area.  Sharon  and  co-workers  [14,15]  studied  the 
intercalation  of  lithium  with  camphor-based  carbon  nano- 
beads  and  found  the  cell  to  be  stable  for  10-20  days.  The 
reversible  Li-ion  intercalation  capacity  was  found  to  be 
0.45-0.61  V.  In  this  paper,  we  describe  the  influence  of 
camphor-based  CNs  on  the  performance  of  Li-ion  batteries. 

2.  Experimental 

2.1.  Preparation  of  carbon  nanotubes  from  camphor 

The  pyrolysis  apparatus  consisted  of  a  two-stage  digitally- 
controlled  furnace,  as  described  previously  [16].  200  mg  of 
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Camphor  metal  catalyst 


Fig.  1 .  Apparatus  for  camphor  pyrolysis. 


camphor  (Camphor  and  Allied  Products  Ltd.,  India)  was 
placed  in  one  furnace  (#1)  and  metal  catalysts  (Fe,  Ni 
and  Co,  50  mg,  325  mesh,  Aldrich,  UK)  were  placed  in 
a  second  furnace  (#2),  see  Fig.  1.  A  flow  of  nitrogen  (50— 
100  cm3  min-1)  was  introduced.  The  pyrolysis  temperature 
was  set  at  750,  850,  950  and  1050  °C,  respectively,  and 


the  temperature  of  furnace  #1,  was  gradually  increased 
(20  °C  min-1)  to  400  °C  in  order  to  vapourise  completely 
the  camphor,  which  was  transferred  to  furnace  #2  by  N2. 
After  cooling,  the  materials  collected  from  furnace  #2  were 
analysed  by  transmission  electron  microscopy  (TEM)  and 
used  as  anode  material  in  the  lithium  secondary  battery. 


Fig.  2.  TEM  images  of  Fe-camphor-CNs  at  (a)  750  °C,  (b)  850  C,  (c)  950  C  and  (d)  1050  °C  in  presence  of  N2  flow. 
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2.2.  Secondary  electrode  in  lithium  battery 

Each  carbon  sample  was  mixed  with  ethylene-propylene- 
dimethyl-monomer  (EPDM)  in  cyclohexane  and  then 
pressed  into  a  stainless-steel  grid  on  the  stainless-steel  plate 
as  an  anode.  A  constant  dc  current  (0.4  mA  cm-2)  was 
applied  across  the  anode  and  a  Li-metal  counter  electrode 
in  order  to  record  the  Li-intercalation  capacity  of  the  anode. 
Ethylene  carbonate  (EC):dimenthyl  carbonate  (DMC)  (1:20 
solution),  dissolved  in  LiPF6  (1  wt.%),  was  used  as  an 
electrolyte.  The  charge-discharge  characteristics  were  mea¬ 
sured  between  0  and  1.5  V. 


3.  Results  and  discussion 

3.1.  Transmission  electron  microscopy 

The  results  of  TEM  observations  are  summarised  in 
Table  1.  TEM  images  of  samples,  produced  by  pyrolysing 
camphor  at  750,  850,  950  and  1050  °C  are  shown,  respec¬ 
tively,  in  Fig.  2(a)-(d)  for  the  Fe-catalyst,  in  Fig.  3(a)-(d)  for 
Ni  and  in  Fig.  4(a)-(d)  for  Co. 

With  the  Fe  catalyst,  the  yield  of  CNs  decreases  as  the 
pyrolysis  temperature  increases  (750-1050  °C,  Fig.  2(a)- 
(d)).  The  degree  of  graphitisation  in  CNs  increases,  however, 
with  increasing  pyrolysis  temperature  (950-1050  °C, 
Fig.  2(c)  and  (d)).  In  Ni-catalysed  pyrolysis,  CNs  were 
produced  at  the  low  temperature  (i.e.  750  °C,  Fig.  3(a)), 
together  with  large  Ni-particles.  In  contrast  to  Fe,  the  Ni- 
catalysed  CNs  are  not  well-defined,  in  particular  the  degree 
of  graphitisation  decreases  at  relatively  high  temperature 
(850  °C,  Fig.  3(b)).  Small  amounts  of  Ni-filled  tube-like 
materials,  however,  were  produced  (Fig.  3(b)  and  (c)).  The 
CNs  and  Ni-filled  tube-like  materials  were  completely 
absent  when  the  temperature  was  increased  to  1050  °C;  only 
large  Ni-encapsulated  carbon  particles  were  generated 
(Fig.  3(d)).  The  Fe  and  Ni  exhibit  opposite  effects  at  these 
operating  temperatures.  The  yield  of  CNs  in  Fe-camphor 


Fig.  3.  TEM  images  of  Ni-camphor-CNs  at  (a)  750  °C,  (b)  850  °C, 
(c)  950  °C  and  (d)  1050  °C  in  presence  of  N2  flow. 


pyrolysis  at  950-1050  °C  is  similar  to  that  of  Ni-camphor 
pyrolysis  at  750  °C  (~40%). 

With  the  Co-catalyst  at  750-1050  °C,  carbon  nanobeads 
(1-1.5  pm,  in  diameter),  possibly  containing  Co,  were  pro¬ 
duced  in  bulk  (Fig.  4(a)-(d));  CNs  were  absent.  At  750- 
850  °C,  carbon  particles  encapsulated  with  Co  metal  were 


Table  1 

Summary  of  dimensions  of  CNs  formed  with  different  catalyst  at  different  temperatures3 


Catalyst 

750  °C 

850  °C 

950  °C 

1050  °C 

Remarks 

Fe 

d\  (nm) 

250 

300 

500 

500 

No  nanobeads  formed 

d2  (nm) 

50 

60 

130 

125 

L  (pm) 

12 

18 

18 

20 

Ni 

d\  (nm) 
d2  (nm) 

L  (pm) 

30 

9 

Very  small 

180 

160 

Very  small 

600 

230 

Very  small 

No  nanotube 

No  nanobeads  formed 

Co 

d\  (nm) 
d2  (nm) 

L  (pm) 

750-850 

30 

Spherical 

950-1050 

Spherical 

950-1050 

Spherical 

No  nanobead  or  nanotube 

Only  nanobeads  formed 

3  dx  (nm)  is  the  external  diameter,  d2  (nm)  the  thickness  of  nanotube  and  L  (pm)  the  length  of  nanotube. 
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Fig.  4.  TEM  images  Co-camphor-CNs  at  (a)  750  °C,  (b)  850  °C,  (c)  950  °C  and  (d)  1050  °C  in  presence  of  N2  flow. 


produced  (Fig.  4(a)  and  (b)).  The  structure  of  the  carbon 
nanobeads  is  similar  to  that  given  in  a  previous  report  [16]. 

3.2.  Lithium  battery 

In  order  to  compare  camphor-based  CNs  (referred  as 
sample  1),  obtained  using  Fe-catalyst  at  950  °C,  arc-made 
CNs  (referred  as  sample  2)  and  boron-doped  CNs  (referred 
as  sample  3,  Fig.  5),  the  samples  [17]  were  used  as  anodes  in 
Li-intercalation  measurements.  Charge-discharge  profiles, 
as  a  function  of  potential  versus  capacity  and  capacity 
versus  charge-discharge  time,  were  recorded.  The  charge- 
discharge  curves  for  Li-intercalation  capacity  are  presented 
in  Figs.  6-8.  It  is  clear  that  camphor-CNs  are  capable  of 
intercalating  Li.  Sample  2  (Fig.  6)  and  3  (Fig.  7)  exhibits 
an  irreversibility  and  gradual  decrease  in  potential;  no 
significant  stage  was  observed  on  the  charge— discharge 
curves.  The  presence  of  irreversible  capacity  in  samples  2 


and  3  might  be  due  to  the  large  amorphous  carbon  content. 
Sample  1  (Fig.  8)  exhibits  a  much  larger  irreversible  capa¬ 
city  (180  mAh  g~  )  for  Li-intercalation.  In  addition,  two 
stages  for  Li  interaction  are  observed  at  0.2  and  0.1  V.  This 
result  is  typical  for  Li-ion  intercalation  performance  on 
graphite.  It  has  been  reported  [18]  that  three  stages  of  lithium 
intercalation  occur  in  graphitic  carbon.  Accordingly,  sample 
1  contains  a  large  portion  of  graphitic  material  and  displays 
a  promising  anode  performance  for  Li-ion  rechargeable 
batteries.  This  outcome  is  superior  to  that  of  CH4-pyrolysed 
grown  CNs,  which  exhibit  small  initial  and  reversible 
Li-intercalation  capacities  [10,11]. 

The  Li-intercalation  capacity  of  sample  1,  as  a  function 
of  cycle  number,  is  given  in  Fig.  9.  It  is  clear  that  during  the 
first  cycle,  a  large  irreversible  capacity  is  present.  After  the 
second  cycle,  however,  almost  100%  coulomb  efficiency  is 
obtained.  After  5  cycles,  the  irreversible  capacity  of 
175  mAh  g-1  is  sustained.  This  indicates  that  the  cycle 


Fig.  5.  (a)  TEM  image  of  arc-made  CNs,  (b)  TEM  image  of  arc-made  boron  doped  CNs. 


Capacity 


Capacity 


Fig.  6.  Charge-discharge  curve  of  arc-made  CNs  (sample  2).  Charge 
capacity  is  213  mAh  g_l  and  discharge  capacity  is  114  mAh  g_  . 


Fig.  7.  Charge-discharge  curve  of  arc-made  boron  doped  CNs  (sample  3). 
Charging  capacity  is  292  mAh  g_  and  discharge  capacity  is  98  mAh  g_  . 
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Fig.  8.  Charge-discharge  curve  of  CNs  (sample  1),  obtained  by  pyrolysing 
camphor  at  950  °C  (Fig.  2(c))  using  Fe  as  catalyst.  Charging  capacity  is 
273  mAh  g-1  and  discharge  capacity  is  180  mAh  g~  . 


Cycle  number 


Fig.  9.  Li-intercalation  capacity  as  function  of  cycle  number  for  arc-made 
boron  doped  CNs  (sample  1,  Fig.  2(c)). 


stability  of  camphor-based  CNs  (sample  1)  in  the  Li-inter- 
calation  process  is  relatively  high,  as  compared  with  that  of 
bulk  graphite.  The  Li-interaction  content  can  be  increased  at 
the  anode,  if  Li+  is  able  to  diffuse  into  the  interior  of  the  CNs. 

4.  Conclusions 

Camphor-based  CNs  exhibit  relatively  high  irreversibility 
in  charging-recharging  profiles  and  good  cycle  stability,  as 
compared  with  arc-made  CNs  and  boron-doped  CNs. 
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